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INTRODUCTION

DNA replication and recombination occur simultaneously
in the cell and are tightly interrelated. This functional
relationship could arise because (i) replication and recombi-
nation functions may be expressed simultaneously (e.g.,
dnaN and recF gene expression in Escherichia coli cells [5,
52]), (ii) some products may be required for both mecha-
nisms (the RecA protein is involved in recombination [54]
and in stable DNA replication [32, 43]), or (iii) DNA recom-
bination intermediates may be used as substrates by the
replication machinery (T4 secondary replication mode [47])
or vice versa (postreplication repair [55]).
The present review summarizes our knowledge of the

mechanisms underlying a novel mode of plasmid replication
and its relationship with recombination. This mode, which
results in the accumulation of linear concatemers, appears to
escape plasmid regulatory functions involved in the control
of copy number but relies on host recombination functions.
The latter property, shared in common with late phage
replication, makes plasmid concatemeric replication an at-
tractive system for the study ofDNA replication and recom-
bination in prokaryotes. We hope that this discussion will
also help unravel the mechanisms underlying processes such
as phage-mediated plasmid transduction, which is an impor-
tant means of genetic transfer in bacteria, as well as the
implication of recombination-initiated replication in the re-
pair of DNA double-strand breaks.

DNA REPLICATION MODES

Replication Mechanisms Unlinked to Recombination

Two modes of replication, which are thought to be un-
linked to recombination, have been reported for circular
DNA molecules in bacteria. These modes were convention-
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ally named theta and sigma, according to the characteristic
structures of replication intermediates.
The theta mode (Fig. 1, al to a4), which is used by most

known plasmids as well as by the bacterial chromosome, is
characterized by the fact that the sites for priming of leading-
and lagging-strand syntheses are located close to one an-
other within the origin of replication. From the origin on,
replication leads either unidirectionally or bidirectionally to
dimers of the replicon, which are finally resolved into
monomeric rings. During the whole process, except that
resolution step (Fig. 1, the step from a3 to a4), both DNA
strands remain covalently closed. Until recently, the theta
mode was the only one reported for bacterial plasmids (for a
review, see reference 58).
The sigma mode of replication (Fig. 1, bl and b5) is known

to occur during the life cycle of the single-stranded DNA
(ssDNA) bacteriophages of members of the family Entero-
bacteriaceae (7, 34) and was more recently proposed for a
collection of small plasmids present in gram-positive bacte-
ria (29, 49, 66) and archaebacteria (61). In this case, priming
events for leading- and lagging-strand syntheses are tempo-
rally and spatially unlinked, occurring at two distinct origins.
Unlike theta replication, sigma replication is characterized
by a break-dependent initiation mechanism; indeed, one of
the DNA strands is nicked by the action of a plasmid-
encoded sequence-specific nuclease, the Rep protein (Fig. 1,
the step from bl to b2). The free 3' OH end generated is then
utilized as a primer for leading-strand DNA synthesis (the
step from b3 to b4). Usually after one full round of replica-
tion the Rep protein terminates the strand displacement at its
specific recognition sequence, generating two unit-length
circular products, a single-stranded and a double-stranded
one (Fig. 1, the step from b4 to b5) (29, 49). Depending on
the plasmid system, priming of lagging-strand synthesis
occurs before (Fig. 1, b4) or after termination of leading-
strand synthesis. This replication mode generates mainly
unit-length circular plasmid molecules (14).
Although the term "rolling-circle" is often used in place of

"sigma" to designate the mode of replication of ssDNA
phages and of small high-copy-number plasmids found in
gram-positive bacteria, we propose to keep the former
designation for systems which generate long linear concate-
mers via recombination-dependent replication (25).
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FIG. 1. Theta (al to a4) and sigma (bl to b5) DNA replication modes. For the sake of simplicity, only the elements essential for describing
the specific features of each mode have been represented (e.g., the proteins involved in the unwinding and replication of DNA strands are

not depicted). al to a4 illustrate the situation of a bidirectionally replicating molecule. For a more detailed description, refer to the text.
Symbols: * and a, leading-strand replication origin of parental and daughter DNA strand(s), respectively; , lagging-strand origin(s); 0,
plasmid-encoding Rep protein. Parental DNA strands are represented by heavy lines. Continuous and broken lines represent leading and
lagging strands, respectively, with the direction of polymerization shown by an arrow.

Recombination-Dependent DNA Replication

Two mechanisms of DNA synthesis in which replication
and recombination are tightly interrelated were first pro-
posed as models for the production of concatemeric mole-
cules during late bacteriophage replication: (i) the rolling-
circle mechanism (21, 25) and (ii) a replication mode
involving highly branched molecules (47). Recently, the
rolling-circle model of replication was identified in plasmids
of both gram-negative (18) and gram-positive (69) bacteria.
This novel mode of plasmid replication leads to the accumu-
lation of high-molecular-weight (hmw) linear head-to-tail
plasmid molecules and was observed in certain genetic
backgrounds and/or for genetically engineered plasmids (37-
39). A similar mechanism might also account for the produc-
tion of plasmid concatemers in phage-infected cells, a pre-
requisite for phage-mediated plasmid transduction by
various phages (2, 10, 35, 50).
The involvement of recombination proteins in the process

of DNA replication has been reported for the bacterial
genome as well. In RNase H-defective (rnh) mutants of E.
coli, an alternative mode of chromosomal DNA replication,
the so-called constitutive stable DNA replication, was ob-
served (32). Such a replication mode can also be elicited in
rhn+ cells as a component of the SOS response through the
interference with either DNA replication or rhn gene expres-
sion (inducible stable DNA replication) (33, 53). In both
cases, DNA replication is independent of the DnaA function
involved in the specific initiation at oriC. On the other hand,
stable DNA replication relies on the RecA function at some
initiation stage(s) (32). Recently, the derepression of the
recA gene and an increase in the level of RecA protein were
shown to be necessary and sufficient for the induction of
stable DNA replication via a mechanism involving the
RecBCD enzyme and most probably the RecA recombinase
activity (43). It is thought that, once initiated, induced stable
DNA replication follows the theta mode.

MOLECULAR NATURE OF LINEAR PLASMID
CONCATEMERS

In both E. coli and Bacillus subtilis, the deficiency in
exodeoxyribonuclease V (ExoV; also termed RecBCD and
AddABC in E. coli and B. subtilis, respectively) activity
correlates with the accumulation of hmw linear head-to-tail
plasmid concatemers (18, 69). Such a plasmid DNA form has
been reported for various unrelated E. coli plasmids that use
the theta mode of replication, including ColEl-type, mini-X,
mini-F replicons, and minichromosomes (oriC plasmids) (18,
37, 59), as well as for B. subtilis replicons that replicate via
either the sigma or the theta mode (63a, 69, 70). In addition,
hmw material was observed in wild-type B. subtilis cells for
genetically engineered plasmids replicating via the sigma
mode (28, 36-38, 69, 70). The accumulation of hmw DNA
even in the ExoV-proficient cells could be explained either
by the fact that ExoV binds poorly to long ssDNA tails (see
below) or by a titration of the enzyme.
The linear double-stranded nature of the major part of

hmw plasmid DNA was demonstrated by its sensitivity to
exonucleases of known specificity (ExoV, exonuclease III
[ExoIII], and the product of the X exo gene) (18, 37, 39, 69).
Electron-microscopic examination of the purified hmw ma-
terial from E. coli sbcB sbcC mutants expressing the lambda
gam+ and red' functions (see below) revealed the presence
of single-branched circles (a structures) and linear double-
stranded DNA (dsDNA) multimeric plasmid molecules with
ssDNA tails (60).
Examination of the purified hmw material from a sigma

replicating plasmid in wild-type B. subtilis cells revealed the
presence of three types of linear plasmid DNA molecules:
ssDNA, dsDNA, and dsDNA with an ssDNA tail. These
different types of molecules, with lengths up to 100 kb, were
observed at a similar frequency. Heteroduplex analysis of
the dsDNA molecules with an ssDNA tail, using single-
stranded specific circular probes, showed that the ssDNA

al

b2

N

0

blr

b5



ROLLING-CIRCLE REPLICATION 677

corresponds to either strand (39, 69). This implies that unlike
the replication forks initiated at the leading-strand origin for
sigma plasmid replication, the forks giving rise to the con-
catemers progress either clockwise or counterclockwise on
the plasmid template, as reported for X rolling-circle repli-
cation (8, 65). Mapping of the hmw molecule ends revealed
that, for molecules running with the bulk of purified hmw
DNA, the position of the single-stranded tail is random,
whereas the one of the opposite, double-stranded, end (the
putative replication start point [see below]) presents a bias
(39). Indeed, independently of which strand is present in the
tail, 25% of the double-stranded ends map within either of
the plasmid origin regions for sigma replication (39). Since (i)
the origin would be in an active orientation in only half of
these molecules (1, 70) and (ii) plasmid rolling-circle repli-
cation is independent of sigma replication initiation-specific
functions (69) (see below), we assumed that this preference
might be due to some particular DNA structure typical of
origin regions (hot spot) that makes them more susceptible to
ssDNA or dsDNA breaks. A similar preference toward the
origin region was observed under certain conditions for X
rolling-circle replication (see below).
An ssDNA nick or a dsDNA break in a circular plasmid

molecule is supposed to switch on the production of hmw
concatemers. The concatemers consist of ssDNA, dsDNA,
and dsDNA molecules with an ssDNA tail of either strand
polarity. The mechanism involved and the topology of DNA
molecules observed suggest certain similarities with the late
stages of phage DNA replication.

SYNTHESIS OF CONCATEMERIC DNA MOLECULES
IN THE BACTERIOPHAGE LIFE CYCLE

The recombination-dependent secondary mode of T4
DNA replication and X late DNA replication are both re-
sponsible for the production of linear concatemeric DNA
molecules. We hypothesize that owing to their partially
common requirements (see below), the generation of hmw
plasmid concatemers makes use of mechanisms similar to
late phage DNA replication. Therefore, a brief description of
the latter systems will provide a frame for understanding the
corresponding plasmid mechanism. For a more complete
picture, the reader is referred to reviews by Skalka (62),
Furth and Wickner (24), and Mosig (47).
A general requirement for the replication of linear mole-

cules in bacteria is the protection of dsDNA ends from
exonucleolytic degradation (22, 30, 56). Such protection can
be mediated either through the attachment of a protein, such
as gp2 of phage T4, to the ends of the bacteriophage genome
(26) or via interference with the major host exonuclease
(ExoV enzyme). The latter possibility is illustrated for
bacteriophage X: the phage-encoded Gam protein (68) inhib-
its ExoV activity, which was proposed to degrade some
early intermediate structures of X rolling-circle replication
(27). The inhibition apparently results from the binding of the
Gam protein to the enzyme (67).

After infection of cells with X particles or after induction of
lysogenic cells, the circular phage DNA replicates via a theta
mode (early DNA replication). This replication depends on
both X-encoded replication proteins and several host func-
tions known to be involved in host chromosomal replication
(24). The production of linear concatemeric DNA molecules
through the rolling-circle mode of replication is triggered
roughly at the same time as theta replication and goes on for
the entire lytic cycle. Theta replication, however, stops
about 16 min after infection (9, 15, 16, 21, 22, 25). Unlike

theta replication, the rolling-circle mode relies on recombi-
nation functions that are both host and phage encoded.
The X Gam protein is thought to favour rolling-circle

replication by inhibiting ExoV. The mechanism by which an
active ExoV prevents the appearance of the X rolling circle,
however, is by degrading DNA structures with double-
stranded ends (22, 62). Therefore, the initiation of rolling-
circle replication does not appear to be controlled by some
phage-encoded regulatory function(s). The free ends of
rolling-circle tails are located at many sites on the A genome
(65). Under limiting conditions for initiation of X theta
replication, however, about one-half of the concatemers that
were produced via rolling-circle replication were shown to
originate at or near the X origin for theta replication (8).
Recombination functions are also important for phage T4

DNA replication. Mosig (47) proposed a model to explain
how recombination events may generate replication forks
via the so-called secondary initiation process. According to
this model, the 3'-OH end of a T4 DNA molecule that is left
single stranded after complete replication of the linear phage
genome may invade a double-stranded homologous region
present on a second molecule. This recombination interme-
diate would be a prerequisite for secondary initiation. The
invading 3'-OH end acts as a primer for leading-strand
synthesis on the invaded molecule. Several T4-encoded
functions are involved in the mechanism of secondary initi-
ation, including UvsX (the RecA analog of T4), which would
mediate the initial synapsis event, the gp46/47 exonuclease,
the gp39/52/60 (type II topoisomerase), and two proteins,
gpuvsY and gp59, whose roles are unknown (47).
The DNA to be packaged into a phage capsid consists of

tandemly repeated units of the phage genome in a head-to-
tail configuration. The presently accepted picture suggests
that DNA replication producing such a substrate could
proceed via (i) the extension of a 3'-OH end on a randomly
nicked circular DNA molecule (rolling circle [62]) or (ii) a
priming step involving an invading 3'-OH end on either a
convalently closed template (bubble migration [23]) or a
double-stranded linear template (late T4 replication [47]) (see
below). Any one of these alternative pathways could gener-
ate a replication fork and lead to a concatemeric phage DNA
molecule, provided the nascent double-stranded end was
protected from degradation by the ExoV complex.

FUNCTIONS REQUIRED FOR PLASMID
CONCATEMERIC DNA SYNTHESIS

As already pointed out, concatemeric plasmid DNA syn-
thesis appears to share some common properties with phage
late replication. Genetic requirements for the accumulation
of plasmid concatemeric molecules in E. coli and B. subtilis
are summarized in Table 1. Requirements are listed sepa-
rately for DNA recombination functions and DNA replica-
tion functions.
As far as recombination functions are concerned, the first

requirement identified was the inactivation of ExoV (18, 48,
69). In the E. coli system, simultaneous inactivation of ExoV
and either the inhibition of DNA exonuclease I (Exol)
(recBC sbcB double mutants) or the derepression of DNA
exonuclease VIII (ExoVIII) activity (recBC sbcA double
mutants) showed synergistic effects, diverting most of plas-
mid replication activity from production of circular mono-
mers to synthesis of linear multimers (18). The inactivation
of ExoIllI (the product of the xthA gene) is an alternative
way of producing hmw DNA in a recBC background (48).
In agreement with these observations, the accumulation of
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TABLE 1. Genetic requirements for plasmid concatemeric replication

Requirement for recombination or replication functions:

Function E. coli B. subtilis

Gene Required Gene Required

Recombination
ExoV recBCD + addABC +1_a
RecA recA + recAb +
RecF recF + recF
Poll polA NDC polA +

Replication
Initiator product dnaAd rep(Ts)e
DNA PolIIlf holoenzyme dnaENQ(ZX)Xg + dnaFN(ZX)Xg +
"Primosome components" dnaBC, dnaG + dnaB,h dnaG +

a Dispensable for some recombinant plasmids (see text).
b The B. subtilis recA gene was formerly termed recE.
c ND, not determined.
d For oriC plasmids.
eTemperature-sensitive plasmid-encoded replication protein (Rep).
f Only five (E. coli) or four (B. subtilis) of the DNA PollI holoenzyme subunits were characterized on a genetic basis.
g The dnaX gene was formerly termed dnaZ and dnaX.
h Biochemically uncharacterized.

plasmid concatemeric molecules could also be switched on
in an sbcB mutant strain, via induction of the A Gam
function, indicating that conditional expression of the latter
function is equivalent to the recBCD deficiency in promoting
hmw plasmid DNA synthesis (51, 59). Furthermore, the
expression of the red' and gam+ genes of bacteriophage X in
wild-type E. coli cells leads to the accumulation of hmw
plasmid DNA (60).

In the E. coli recBC background, inactivation of Exol and
activation of ExoVIII are known to open the RecF and RecE
pathways of recombination, respectively (see reference 17
for a review). The importance of the recombination state of
the host for the generation of hmw plasmid molecules is
made even more evident by the observations of Silberstein
and Cohen (59), later confirmed and extended by Kusano et
al. (37). These authors showed that mutations in most of the
.genes involved in the RecF recombination pathway, includ-
ing recA, recF, recJ, recO, and recQ, affected the synthesis
of linear plasmid concatemers. Such an effect was observed
either in the recBC sbcB background or under conditions of
gam expression in the sbcB background. On the other hand,
mutations in both recN and ruv, which also contribute to the
RecF pathway, had no such effect.
As quoted above, hmw plasmid DNA, sometimes in very

large amounts, was also observed in B. subtilis rec+ cells
bearing recombinant plasmids replicating via the sigma mode
(28, 38, 39, 69, 70). The best-characterized system showed a
direct correlation between the size of the DNA insert and the
amount of concatemeric plasmid DNA produced, with a
corresponding decrease in the number of segregable super-
coiled plasmid molecules (38). Thus, as observed in E. coli
(48), the presence of large amounts of linear concatemers
may exert a negative effect on normal plasmid replication.
Such an effect is generally accompanied by a reduced growth
capability and poor viability of the host cells (4a, 37-39).
Although the molecular basis of such an interference with
plasmid and cell physiology is unknown, we speculate that it
may result from the redirection of intracellular pools of
enzymes involved in DNA metabolism toward hmw DNA
synthesis.

In both E. coli and B. subtilis, a strong dependence ofhmw

plasmid DNA synthesis could be demonstrated for the
corresponding enzyme able to catalyze homologous DNA
pairing, namely RecA (18, 69). The more than 100-fold
reduction in the amount of hmw DNA in recA strains, which
is also observed upon inactivation of the ExoV .enzyme,
argues against simply an elevated degradation rate of hmw
DNA in recA strains (37, 38). In B. subtilis, DNA polymer-
ase I (PolI) also appeared to be required (69, 70). As shown
in Table 1, the generation of hmw plasmid DNA in the B.
subtilis addA strain was unaffected by the presence of an
additional recF mutation, whereas it was prevented in the
addA polA and addA recA double-mutant strains (69, 70; our
unpublished results). Since an addA recF double mutant
(analogous to E. coli recB recF) is greatly impaired in both
chromosomal and plasmid transformations, as well as in its
DNA repair capability (4), these results indicate that, in
contrast to the E. coli system, the RecF product is not
essential for concatemeric plasmid replication. It is, how-
ever, possible that another unidentified function can play the
same role. A requirement for Poll has not been reported so
far for E. coli.

Plasmid concatemeric DNA synthesis is independent of
rate-limiting functions required for initiation of DNA repli-
cation. This could be demonstrated both for a theta-replicat-
ing E. coli oriC minichromosome, for which the DnaA
protein acts as the initiator protein, and for a sigma-replicat-
ing plasmid in B. subtilis (39, 59, 69). Furthermore, unlike
sigma plasmid replication, hmw DNA synthesis is partially
insensitive to rifampin and chloramphenicol (3, 39). Accord-
ingly, in both organisms the mechanism of replication lead-
ing to linear plasmid concatemers appears to be out of the
control of the plasmid copy number regulatory functions (59,
69). Conversely, the presence of hmw DNA may in some
instances exert a negative effect on circular plasmid replica-
tion, resulting in segregational instability (37, 38).
As expected, concatemeric plasmid DNA synthesis re-

quires functions involved at later and more general steps of
the replication process such as primosome components and
DNA polymerase III (PoIIII) (Table 1). The B. subtilis DnaB
protein, which is thought to be a component of the replisome
(3, 70), is known to be required for the initiation of chromo-
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somal DNA replicatioh (71). In addition, the DnaB product
was shown to be involved in hmw plasmid DNA synthesis,
whereas it is not required for sigma replication of naturally
occurring plasmids (3, 39, 70).
Concatemeric plasmid DNA synthesis and late phage

DNA replication modes share many common requirements
for host DNA recombination and replication functions. The
ensuing overall picture suggests that similar mechanisms are
operative in both systems. Like late phage DNA replication,
the accumulation of hmw plasmid concatemers reduces
normal plasmid replication and even interfere with cell
physiology.

RECOMBINATION-DEPENDENT REPLICATION OF
PLASMIDS DURING PHAGE INFECTION

Plasmids which are usually smaller than a bacteriophage
genome can be encapsidated into phage proheads to produce
plasmid-transducing particles (42). The encapsidation of
linear plasmid concatemers has been detected in all bacteri-
um-phage systems tested so far (2, 13, 19, 35, 40, 41, 50, 57,
64). Plasmid transduction frequencies are generally low,
about 10-5 to 10-7 per active phage particle. However, when
homology is provided between the phage genome and the
plasmid, the transduction frequency increases up to 105-fold
(transduction facilitation effect) (19, 50, 57). With B. subtilis
phage SPP1, homology of as few as 47 bp provided a
maximal facilitation effect (2).
The mechanism leading to the production of packageable

plasmid DNA concatemers after phage infection has not yet
been totally elucidated. However, experimental evidence
obtained for E. coli and B. subtilis points to the involvement
of a recombination-dependent concatemeric plasmid replica-
tion mechanism (2, 10, 35).

Infection of E. coli cells with phage T4 results in the
almost immediate shutoff of host DNA replication and the
breakdown of chromosomal DNA (31). Plasmid replication
also stops soon after infection of pBR322-bearing cells;
however, under conditions where host DNA breakdown is
prevented by suitable phage mutations, plasmids can later
resume replication if they share homology with the phage
genome (44). Kreuzer et al. (35) identified the products of
this homology-dependent mode of replication as concate-
meric molecules of up to 35 tandem plasmid copies and
showed that their synthesis requires the same DNA recom-
bination genes (uvsX, uvs Y, 59, 46/47, 39/52/60) known to be
essential for secondary initiation during T4 late replication.
In this experimental system the synthesis of concatemeric
plasmid DNA is independent of the normal mode of plasmid
replication.

Recently, the accumulation of plasmid concatemers after
infection of B. subtilis with SPP1 has been analyzed (10).
Accumulation started about 10 min after phage infection,
simultaneously with the onset of SPP1 replication (12), and
was dependent on phage-encoded (Gam-like?) function(s).
Two plasmids presenting either negligible (15 bp; -hom) or
extended (174 bp; +hom) DNA homology to the SPP1
genome were compared. Infection of wild-type B. subtilis
cells bearing either plasmid resulted in similar kinetics of
accumulation and final amounts of plasmid concatemers
(Fig. 2). However, the plasmid transduction frequency,
which provides an estimation of the amount of plasmid DNA
encapsidated, was about 200-fold higher for the +hom
plasmid (2). From these results we inferred that the rate-
limiting factor determining the transduction frecuiency is not
the amount of concatemeric DNA generated in a phage-
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FIG. 2. Kinetics of accumulation of concatemeric plasmid DNA
during SPP1 infection of wild-type and dnaB37 B. subtilis strains.
Phage infection (time zero) was performed on exponentially growing
(37°C) wild-type or dnaB37 (46°C) cells. At 10 min before infection
the dnaB37 strain was shifted from 30 to 46°C. Plasmid pC1941
(-hom) or pl958 (+hom) crude preparations were analyzed by
Southern hybridization. Relative amounts of concatemeric plasmid
DNA are presented as the ratios of concatemeric to form I (mono-
meric and dimeric) plasmid DNA. The peaks of intensity of plasmid
bands present on the autoradiograms, determined by quantitative
scanning with a laser densitometer, were integrated by using the
GeIScan software package. The same. kinetics as at 37°C were
observed for both plasmids in the wild-type strain shifted from 30 to
46°C. Symbols: 0,0, plasmid pC1941 (-hom); 0,0, plasmid pl958
(+hom). Open symbols, wild-type strain; solid symbols, dnaB37
strain.

infected cell. Subsequent experiments revealed that the
difference between +hom and -hom concatemers is rather
qualitative, the former being characterized by the presence
of a phage-packaging signal (10) (see below).
As discussed above, the mechanism of hmw plasmid DNA

synthesis.in uninfected B. subtilis cells relies on at least the
DnaB, RecA, and Poll functions. Infection of a B. subtilis
dnaB37 strain with phage SPP1, at the nonpermissive tem-
perature, resulted in a delayed and more than 30-fold re-
duced production of -hom plasmid concatemers, whereas
amounts similar to those of the wild-type strain were ob-
served for the +hom plasmid (Fig. 2). Similar data were
obtained when a recA.polA strain was used as the host (10).
These results indicated that in SPPl-infected cells two

different overlapping modes of plasmid concatemeric DNA
synthesis might be operative. One is a homology-indepen-
dent (with the SPP1 genome), DnaB-dependent mechanism,
by which hmw plasmid molecules, of the same nature as the
ones observed in uninfected cells that are impaired in ExoV
activity, are produced (see above). The other is a homology-
dependent, DnaB-independent mechanism. Southern hy-
bridization analysis of the material produced via this second
mechanism revealed that it consists of phage-plasmid chime-
ras (10). Furthermore, the presence of one or two DNA
mismatches within the 47-bp minimal region of homology
reduced the plasmid-transducing frequency about 30-fold
(70a).
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FIG. 3. Models for the generation of linear concatemeric plasmid DNA. A random nick (RN) introduced into a nonreplicative plasmid
molecule (step a) is extended to a DNA gap by an exonucleolytic enzyme (Poll?). This functional gap may allow the entry of a DNA helicase
with either 5'-to-3' (step b) or 3'-to-5' (step b') activity. The 3' end of the molecule in step b is used for the initiation of concatemeric plasmid
DNA synthesis (step c), whereas step b' leads to the accumulation of circular and linear ssDNA molecules (step d). The single-stranded 3'
end invades a homologous region of a different DNA molecule (mediated by an enzyme which catalyzes homologous pairing, e.g.,
RecA/UvsX), resulting in a recombination intermediate (step e). Both steps c and e may lead to the accumulation of multigenome-length
plasmid molecules (step f). In the presence of an active ExoV enzyme, such linear concatemers are degraded (step g). Alternatively,
concatemeric plasmid DNA molecules may be resolved into monomers (step h). Symbols: P, DNA helicase; O, DNA PolIl. The arrows on
the DNA strands indicate the 5'-to-3' polarity.

Interestingly, the absence of -hom plasmid linear con-
catemers in a SPPl-infected recA polA double-mutant strain
was also noted. On the other hand, concatemeric DNA
synthesis was unaffected in the +hom plasmid (10). A strong
recA and polA dependence was shown for the accumulation
of hmw plasmid material in uninfected ExoV- cells (Table
1). These observations are compatible with the conclusion
that a SPPl-encoded "recombinase" function is involved in
the homology-dependent, DnaB-independent mechanism.
As discussed above, a similar case has been reported for the
generation of plasmid concatemers in T4-infected E. coli
cells (35).

It has been shown that SPP1 initiates unidirectional pack-
aging on either linear or circular DNA molecules at a specific
sequence, the pac site (11, 20). Since both the plasmid
transduction frequency and the generation of phage-plasmid
chimeric molecules bearing the pac site are phage homology
dependent, we assume that such chimeras correspond to the
substrate used for packaging of plasmid DNA into trans-
ducing particles, via the same mechanism as the one used to
encapsidate phage DNA.

In summary, two different mechanism of plasmid concate-
meric DNA synthesis may be active in phage-infected plas-
mid-bearing cells, as shown for the B. subtilis-SPP1 system
(10). The two mechanisms normally act simultaneously but

can be decoupled in specific DNA recombination or replica-
tion mutants. The first one is similar to the mechanism
operating in uninfected cells with impaired ExoV activity and
results in the production of analogous plasmid concatemers.
The second one requires a significant degree of sequence
homology between the plasmid and the phage genome. Unlike
the first mode, it relies on a putative phage-encoded recom-
binase function rather than on host recombination functions.
The second mechanism results in the production of a phage-
plasmid chimera bearing the phage initiation packaging site,
which may later be encapsidated into transducing phage
particles (10, 35, 50).

MODELS FOR PLASMID CONCATEMERIC
REPLICATION

The molecular events that trigger the synthesis of concate-
meric plasmid molecules observed in certain genetic back-
grounds, as well as in phage-infected cells, are unknown. In
Fig. 3 we have depicted different possible mechanisms which
accommodate previously proposed models (2, 18, 23, 25, 35,
47, 48, 51, 62). Our model can also account for the genera-
tion of plasmid multimers upon phage infection via a recom-
bination-dependent replication mode. hmw DNA synthesis
has been shown to be independent of the plasmid-encoded

MICROBIOL. REV.

.s0 V
so

0



ROLLING-CIRCLE REPLICATION 681

initiation protein (see above). Therefore, we have consid-
ered in Fig. 3 the initial situation for a nonreplicating
molecule (step a). The situation for replicating molecules
was previously envisaged (69) and is fully compatible with
both the upper (b-c-f) and lower (b'-d-e-f) pathways (see
below).
A random nick is introduced into either strand of a

supercoiled plasmid molecule (step a). When it is not re-
paired, the nick could then be converted into a gap (steps b
and b') by the activity of a nonprocessive exonuclease (e.g.,
PolI). This functional gap could allow a DNA helicase to
bind and initiate unwinding of the DNA (34). The free 3'-OH
end (step b) would be elongated by DNA PoIIII simulta-
neously with 5'-to-3' unwinding of the DNA by the helicase
(step c), and plasmid rolling-circle replication could proceed
(69). Alternatively, a 3'-to-5' DNA helicase (step b') could
lead to the full displacement of the gapped strand (step d).
The occurrence of a double-chain break (63) at any stage
from step a to d can also be accommodated. The 3'-OH end
of such a single-stranded plasmid molecule could then in-
vade a double-stranded homologous region of a different
DNA molecule, generating a unique recombination interme-
diate (step e). The invading 3'-OH end would then be used as
a primer for DNA synthesis on the invaded plasmid molecule
and later converted into a replication fork. DNA Poll may be
involved in an early step of primer extension. A similar
mechanism might be operative in the generation of plasmid
multimers upon phage infection. Invasion of a double-
stranded plasmid molecule by a homologous 3' single-
stranded end of the phage DNA molecule may prime plasmid
replication, which would then rely on phage rather than host
replication functions (step e) (10, 35). Any of these mecha-
nisms would lead to synthesis of a concatemeric plasmid
molecule (step f).

In the presence of an active ExoV enzyme, the relaxed
molecule (steps b and b') and/or the concatemer (step f)
could be degraded (only the latter is depicted [step g]).
Conversely, in the absence of ExoV or after phage infection,
the generation of such plasmid concatemers would readily be
revealed. Finally, the plasmid concatemers could be con-
verted, either by intramolecular recombination (in gram-
negative bacteria [64]) or via replication (in gram-positive
bacteria [50]) (step h), into monomeric rings and finally the
supercoiled plasmid form.
A simple way to account for the upper pathway (steps b

and c) would be the case in which a unidirectionally repli-
cating molecule fails to terminate replication as a result of
further unwinding of DNA by the helicase after the normal
completion of a full replication round. Consequently, the
replicating complex would displace the 5' end of the newly
synthesized strand. Such a displacement and subsequent
elongation would result in a semiconservative rolling-circle
mode of replication. This mode of replication has previously
been observed in replication systems in vitro (6, 45, 46).
Multigenome-length, single-stranded, linear molecules have
been detected both in vivo and in vitro (23, 38, 46, 69).
Alternatively, as depicted in Fig. 3, the rolling-circle mode
may be initiated from random nicks introduced into super-
coiled circular molecules. This is consistent with the obser-
vation that the accumulation of concatemeric plasmid DNA
is independent of plasmid replication initiation functions (2,
18, 35, 44, 59, 69). hmw DNA synthesis is strictly dependent
on an active recombinase enzyme (18, 38, 39, 69). Such a
requirement, however, is not obvious for rolling-circle plas-
mid replication occurring as proposed in the upper (a-b-c-f)
pathway (see below). Whether the latter pathway also works

in vivo to generate multigenome-length plasmid molecules
remains to be determined.

In the lower pathway (step e), the 3'-OH single-stranded
end of a DNA molecule would prime DNA synthesis via a
recombination intermediate by using a second dsDNA mol-
ecule of homologous sequence as a template (47, 62). The
most striking aspects of this pathway are that: (i) no discon-
tinuity on the DNA template is expected and (ii) it involves
conservative rather than semiconservative replication. This
replication mode, which has previously been observed in
vitro by using a reconstituted system, was termed bubble
migration (23). On the basis of (i) the requirements for the
generation of plasmid multimers in both noninfected and
infected cells (see above) and (ii) the fact that the formation
of a phage-plasmid chimera is a prerequisite for the accumu-
lation of packageable (pac-containing) plasmid concatemers
in infected cells, we infer that the lower pathway would be
operative in vivo (10, 39).

Finally, a similar mechanism to the one depicted in step e
of Fig. 3, in which a single-stranded 3' end would be
transiently extended by recombination-dependent replica-
tion on a second DNA template, could be used to remove
DNA lesions or to repair double-stranded breaks (23).

CONCLUDING REMARKS

The accumulation of hmw DNA correlates with a reduced
cell growth capacity and lethality (37, 38). Although this
effect is more stringent in recombination-deficient strains, a
similar phenotype was also reported for wild-type B. subtilis
cells bearing certain recombinant plasmids which replicate
via a sigma mechanism (28, 38, 69). The molecular nature of
hmw plasmid molecules makes them potential substrates for
recombination-mediated rearrangements of plasmid material
(36, 51). On the other hand, recombinant plasmids interfer-
ing with the normal host physiology may exert a strong
selective pressure for less deleterious clones (4a, 37, 38).
The understanding of recombination-dependent plasmid rep-
lication is therefore highly relevant from a biotechnological
as well as more fundamental point of view. The characteri-
zation of this plasmid replication mode was very productive
and has led to attractive and testable hypotheses for further
research in the field.

ACKNOWLEDGMENTS

We are very grateful to T. A. Trautner for discussions during the
preparation of the manuscript. We are indebted to T. Kogoma and
B. Egan for stimulating discussions.

This research was partially supported by Deutsche Forschungs-
gemeinschaft (Al 284/1-1 and SFB 344). A.B. was supported by an
EMBO long-term fellowship.

REFERENCES
1. Alonso, J. C., H. Leonhardt, and A. C. Stiege. 1988. Functional

analysis of the leading strand replication origin of plasmid
pUB110 in Bacillus subtilis. Nucleic Acids Res. 16:9127-9145.

2. Alonso, J. C., G. Luder, and T. A. Trautner. 1986. Require-
ments for the formation of plasmid-transducing particles of
Bacillus subtilis bacteriophage SPP1. EMBO J. 5:3723-3728.

3. Alonso, J. C., A. C. Stiege, R. H. Tailor, and J.-F. Viret. 1988.
Functional analysis of the dna(Ts) mutants of Bacillus subtilis:
plasmid pUB110 as a model system. Mol. Gen. Genet. 214:482-
489.

4. Alonso, J. C., R. H. Tailor, and G. Lider. 1988. Characteriza-
tion of recombination-deficient mutants of Bacillus subtilis. J.
Bacteriol. 170:3001-3007.

4a.Alonso, J. C., J.-F. Viret, and R. H. Tailor. 1987. Plasmid

VOL. 55, 1991



682 VIRET ET AL.

maintenance in Bacillus subtilis recombination-deficient mu-
tants. Mol. Gen. Genet. 208:349-352.

5. Armengod, M. E., M. Garcia-Sogo, and E. Lambies. 1988.
Transcription organization of the dnaN and recF genes of
Escherichia coli K-12. J. Biol. Chem. 263:12109-12114.

6. Arai, N., L. Polder, K.-I. Arai, and A. Kornberg. 1981. Repli-
cation of (X174 DNA with purified enzymes. II. Multiplication
of the duplex form by coupling of continuous and discontinuous
synthetic pathways. J. Biol. Chem. 256:5239-5246.

7. Baas, P. D. 1985. DNA replication of single-stranded Esche-
richia coli phages. Biochim. Biophys. Acta 825:111-139.

8. Bastia, D., N. Sueoka, and E. Cox. 1975. Studies on the late
replication of phage lambda: rolling circle replication of the wild
type and a partially suppressed strain, Oam29 Pam8O. J. Mol.
Biol. 98:305-320.

9. Better, M., and D. Freifelder. 1983. Studies on the replication of
Escherichia coli phage X. 1. The kinetics ofDNA replication and
requirements for the generation of rolling circles. Virology
126:168-182.

10. Bravo, A., and J. C. Alonso. 1990. The generation of concate-
meric plasmid DNA in Bacillus subtilis as a consequence of
bacteriophage SPP1 infection. Nucleic Acids Res. 18:4651-
4657.

11. Bravo, A., J. C. Alonso, and T. A. Trautner. 1990. Functional
analysis of the Bacillus subtilis bacteriophage SPP1 pac site.
Nucleic Acids Res. 18:2881-2886.

12. Burger, K. J., and T. A. Trautner. 1979. Specific labelling of
replicating SPP1 DNA: analysis and identification of phage dna
genes. Mol. Gen. Genet. 166:277-285.

13. Canosi, U., G. Luder, and T. A. Trautner. 1982. SPP1-mediated
plasmid transduction. J. Virol. 44:431-436.

14. Canosi, U., G. Morelli, and T. A. Trautner. 1978. The relation-
ship between molecular structure and transformation efficiency
of some S. aureus plasmids isolated from B. subtilis. Mol. Gen.
Genet. 166:259-267.

15. Carter, B. J., B. D. Shaw, and M. G. Smith. 1969. Two stages in
the replication of bacteriophage X DNA. Biochim. Biophys.
Acta 195:494-505.

16. Carter, B. J., and M. G. Smith. 1970. Intracellular pools of
bacteriophage X deoxyribonucleic acid. J. Mol. Biol. 50:713-
718.

17. Clark, J. A., S. J. Sandier, D. K. Willis, C. C. Chu, M. A.
Blanar, and S. T. Lovett. 1984. Genes of the RecE and RecF
pathways of conjugational recombination in Escherichia coli.
Cold Spring Harbor Symp. Quant. Biol. 49:453-462.

18. Cohen, A., and A. J. Clark. 1986. Synthesis of linear plasmid
multimers in Escherichia coli K-12. J. Bacteriol. 167:327-335.

19. Deichelbohrer, I., J. C. Alonso, G. Luder, and T. A. Trautner.
1985. Plasmid transduction by Bacillus subtilis bacteriophage
SPP1: effects ofDNA homology between plasmid and bacterio-
phage. J. Bacteriol. 162:1238-1243.

20. Deichelbohrer, I., W. Messer, and T. A. Trautner. 1982. Ge-
nome of Bacillus subtilis bacteriophage SPP1. Structure and
nucleotide sequence of pac, the origin of DNA packaging. J.
Virol. 42:83-90.

21. Eisen, H., L. Pereira da Silva, and F. Jacob. 1968. The regulation
and mechanism of DNA synthesis in bacteriophage lambda.
Cold Spring Harbor Symp. Quant. Biol. 33:755-764.

22. Enquist, L. W., and A. M. Skalka. 1973. Replication of bacte-
riophage X DNA dependent on the functions of host and viral
genes. Interaction of red, gam and rec. J. Mol. Biol. 75:185-212.

23. Formosa, T., and B. M. Alberts. 1986. DNA synthesis depen-
dent on genetic recombination: characterization of a reaction
catalyzed by purified bacteriophage T4 proteins. Cell 47:793-
806.

24. Furth, M. E., and S. H. Wickner. 1983. Lambda DNA replica-
tion, p. 145-174. In R. W. Hendrix, J. W. Roberst, F. H. Stahl,
and R. A. Weisberg (ed.), Lambda II. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

25. Gilbert, W., and D. Dressier. 1968. DNA replication: the rolling
circle model. Cold Spring Harbor Symp. Quant. Biol. 33:473-
484.

26. Goldberg, E. 1983. Recognition, attachment and injection, p.

32-39. In C. Mathews, E. Kutter, G. Mosig, and P. Berget (ed.),
Bacteriophage T4. American Society for Microbiology, Wash-
ington, D.C.

27. Greenstein, M., and A. M. Skalka. 1975. Replication of bacte-
riophageA DNA: in vitro studies of the interaction between the
viral gamma protein and the host RecBC DNase. J. Mol. Biol.
97:543-559.

28. Gruss, A., and S. D. Ehrlich. 1988. Insertion of foreign DNA
into plasmids from gram-positive bacteria induces formation of
high-molecular-weight plasmid multimers. J. Bacteriol. 170:
1183-1190.

29. Gruss, A., and S. D. Ehrlich. 1989. The family of highly
interrelated single-stranded deoxyribonucleic acid plasmids.
Microbiol. Rev. 53:231-241.

30. Karu, A., Y. Sakaki, H. Echols, and S. Linn. 1975. The Y protein
specified by bacteriophage X. Structure and inhibitory activity
for the recBC enzyme of Escherichia coli. J. Biol. Chem.
250:7377-7387.

31. Koerner, J. F., and D. P. Snustad. 1979. Shutoff of host
macromolecular synthesis after T-even bacteriophage infection.
Microbiol. Rev. 43:199-223.

32. Kogoma, T. 1986. RNase H-defective mutants of Escherichia
coli. J. Bacteriol. 166:361-363.

33. Kogoma, T., N. L. Subia, and M. J. Connaughton. 1979.
Induction of U.V.-resistant DNA replication in Escherichia
coli: induced stable DNA replication as an SOS function. Mol.
Gen. Genet. 176:1-9.

34. Kornberg, A. 1982. DNA replication, 1982 supplement. W. H.
Freeman and Co., San Francisco.

35. Kreuzer, K. N., W. Y. Yap, A. E. Menkens, and H. W. Engman.
1988. Recombination-dependent replication of plasmids during
bacteriophage T4 replication. J. Biol. Chem. 263:11366-11373.

36. Kupsch, J., J. C. Alonso, and T. A. Trautner. 1989. Analysis of
structural and biological parameters affecting plasmid deletion
formation in Bacillus subtilis. Mol. Gen. Genet. 218:402-408.

37. Kusano, K., K. Nakayama, and H. Nakayama. 1989. Plasmid-
mediated lethality and plasmid multimer formation in an Esch-
erichia coli recBC sbcBC mutant. J. Mol. Biol. 209:623-634.

38. Leonhardt, H., and J. C. Alonso. Parameters affecting plasmid
stability in Bacillus subtilis. Gene 103:107-111.

39. Leonhardt, H., R. Lurz, and J. C. Alonso. 1991. Physical and
biochemical characterization of recombination-dependent syn-
thesis of linear plasmid multimers in Bacillus subtilis. Nucleic
Acids Res. 19:497-503.

40. Liebeschuetz, J., and D. A. Ritchie. 1986. Ti-mediated transduc-
tion of a plasmid containing the Ti pac site. J. Mol. Biol.
192:681-692.

41. Lofdahl, S., J. Sjostrom, and L. PhilHpson. 1981. Cloning of
restriction fragments of DNA from staphylococcal bacterio-
phage +11. J. Virol. 37:795-801.

42. Low, K. B., and D. D. Porter. 1978. Modes of gene transfer and
recombination in bacteria. Annu. Rev. Genet. 12:249-287.

43. Magee, T. R., and T. Kogoma. 1990. Requirement of RecBC
enzyme and an elevated level of activated RecA for induced
stable DNA replication in Escherichia coli. J. Bacteriol. 172:
1834-1839.

44. Mattson, T., G. VanHouwe, A. Boile, and R. Epstein. 1983. Fate
of cloned bacteriophage T4 DNA after phage T4 infection of
clone-bearing cells. J. Mol. Biol. 170:343-355.

45. Minden, J. S., M. Mok, and K. Marians. 1987. Studies on the
replication of pBR322 DNA in vitro with purified proteins, p.
247-263. In R. McMacken and T. A. Kelly (ed.), DNA replica-
tion and recombination. Alan R. Liss, Inc., New York.

46. Mok, M., and K. Marlans. 1987. Formation of rolling-circle
molecules during 4X174 complementary strand DNA replica-
tion. J. Biol. Chem. 262:2304-2309.

47. Mosig, G. 1983. Relationship of T4 DNA replication and recom-
bination, p. 120-130. In C. Mathews, E. Kutter, G. Mosig, and
P. Berget (ed.), Bacteriophage T4. American Society for Micro-
biology, Washington, D.C.

48. Niki, H., T. Ogura, and S. Hiraga. 1990. Linear multimer
formation of plasmid DNA in Escherichia coli hopE (recD)
mutants. Mol. Gen. Genet. 224:1-9.

MICROBIOL. REV.



ROLLING-CIRCLE REPLICATION 683

49. Novick, R. P. 1989. Staphylococcal plasmids and their replica-
tion. Annu. Rev. Microbiol. 43:537-565.

50. Novick, R. P., I. Edelman, and S. Lofdahl. 1986. Small Staphy-
lococcus aureus plasmids are transduced as linear multimers
that are formed and resolved by replicative processes. J. Mol.
Biol. 192:209-220.

51. Nussbaum, A., and A. Cohen. 1988. Use of a bioluminescence
gene reporter for the investigation of Red-dependent and Gam-
dependent plasmid recombination in Escherichia coli K12. J.
Mol. Biol. 203:391-402.

52. Quinones, A., J. Kaasch, M. Kaasch, and W. Messer. 1989.
Induction of dnaN and dnaQ gene expression in Escherichia
coli by alkylation damage to DNA. EMBO J. 8:587-593.

53. Quinlones, A., C. Kucherer, R. Piechocki, and W. Messer. 1987.
Reduced transcription of the rnh gene in Escherichia coli
mutants expressing the SOS regulon constitutively. Mol. Gen.
Genet. 206:95-100.

54. Radding, C. M. 1989. Helical RecA nucleoprotein filaments
mediate homologous pairing and strand exchange. Biochim.
Biophys. Acta 1008:131-145.

55. Rupp, W. D., and P. Howard-Flanders. 1968. Discontinuities in
the DNA synthesized in an excision-deficient strain of Esche-
richia coli following ultraviolet irradiation. J. Mol. Biol. 31:291-
304.

56. Sakaki, Y., A. E. Karu, S. Linn, and H. Echols. 1973. Purifica-
tion and properties of the -y-protein specified by bacteriophage
X: an inhibitor of the host recBC recombination enzyme. Proc.
Natl. Acad. Sci. USA 70:2215-2219.

57. Schmidt, C., and H. Schmieger. 1984. Selective transduction of
recombinant plasmids with cloned pac sites by Salmonella
phage P22. Mol. Gen. Genet. 196:123-128.

58. Scott, J. R. 1984. Regulation of plasmid replication. Microbiol.
Rev. 48:1-23.

59. Silberstein, Z., and A. Cohen. 1987. Synthesis of linear multi-
mers of oriC and pBR322 derivatives in Escherichia coli K-12:
role of recombination and replication functions. J. Bacteriol.
169:3131-3137.

60. Silberstein, Z., S. Maor, I. Berger, and A. Cohen. 1990. Lambda

Red-mediated synthesis of plasmid linear multimers in Esche-
richia coli K12. Mol. Gen. Genet. 223:496-507.

61. Sioud, M., G. Baldacci, P. Forterre, and A.-M. de Recondo.
1988. Novobiocin induces accumulation of a single strand of
plasmid pGRB-1 in the archaebacterium Halobacterium GRB.
Nucleic Acids Res. 16:7833-7842.

62. Skalka, A. M. 1977. DNA replication-bacteriophage lambda.
Curr. Top. Microbiol. Immunol. 78:201-237.

63. Stahl, F. W., M. S. Fox, D. Faulds, and M. M. Stahl. 1990.
Break-join recombination in phage X. Genetics 125:463-474.

63a.Stiege, A. C., and J. C. Alonso. Unpublished data.
64. Takahashi, H., and H. Saito. 1982. Mechanism of pBR322

transduction mediated by cytosine-substituting T4 bacterio-
phage. Mol. Gen. Genet. 186:497-500.

65. Takahashi, S. 1975. The starting point and direction of rolling-
circle replicative intermediates of coliphage X DNA. Mol. Gen.
Genet. 142:137-153.

66. teRiele, H., B. Michel, and S. D. Ehrlich. 1986. Single-stranded
plasmid DNA in Bacillus subtilis and Staphylococcus aureus.
Proc. Natl. Acad. Sci. USA 83:2541-2545.

67. Unger, R. C., and J. A. Clark. 1972. Interaction of the recom-
bination pathways of bacteriophage K and its host Escherichia
coli K12. Effects on exonuclease V activity. J. Mol. Biol.
70:539-548.

68. Unger, R. C., H. Echols, and J. A. Clark. 1972. Interaction of
the recombination pathways of bacteriophage X and host Esch-
erichia coli. Effects on X recombination. J. Mol. Biol. 70:531-
537.

69. Viret, J.-F., and J. C. Alonso. 1987. Generation of linear
multigenome-length plasmid molecules in Bacillus subtilis. Nu-
cleic Acids Res. 15:6349-6367.

70. Viret, J.-F., and J. C. Alonso. 1988. A DNA sequence outside
the pUB110 minimal replicon is required for normal replication
in Bacillus subtilis. Nucleic Acids Res. 16:4389-4406.

70a.Wilke, K., A. Bravo, and J. C. Alonso. Unpublished results.
71. Winston, S., and N. Sueoka. 1982. DNA replication in B.

subtilis. In D. A. Dubnau (ed.), The molecular biology of the
bacilli. Academic Press, Inc., New York.

55, 1991


